1. Pace-maker type action potentials and rhythm generation in very early embryonic chick hearts have been monitored using a voltage-sensitive merocyaninerhodanine dye.
INTRODUCTION
Knowledge of the ontogenetic origin of the pace-maker potential and the pacemaking area in embryonic heart has enhanced understanding of cardiac functions (DeHaan, 1963; Lieberman & DeCarvalho, 1965) , nevertheless, investigation into the very early developmental stages has been neglected because of technical difficulties in micro-electrode impalement. Thus the earliest stage at which pace-maker type S. FUJI], A. HIROTA AND K. KAMINO action potentials had been demonstrated, using micro-electrode, was in the 13 somite embryonic chick heart (Meda & Ferroni, 1959; Van Mierop, 1967) .
We have described optical monitoring spontaneous electrical activity in early embryonic chick heart stained with a voltage-sensitive merocyanine-oxazolone or merocyanine-rhodanine dye (Hirota, Fujii & Kamino, 1979; , 1981 . The first and the second papers were concerned primarily with the origins of spontaneous absorption signals in the very early embryonic hearts. We concluded that this signal is due to the spontaneous action potential, and that spontaneous membrane excitability develops before initiation of contraction. The third paper described the developmental changes in the shape of the absorption signals, and introduced a classification which includes signals resembling cardiac and pace-maker action potentials.
In the present paper, we describe first the differentiation of pace-maker type optical signals and their initial regionalization, and demonstrate the development of rhythm formation in spontaneous action potentials throughout the early phases of cardiogenesis.
METHODS
Most of the methods were as described previously ). The measuring beam was produced by a halogen-tungsten-tilament lamp (JC 24 V-300 W, Kondo Sylvania Ltd., Tokyo Japan) powered by a regulated DC power supply (MODEL PAD 35-20L, 0-35V 20A, Kikusui Electronics Corp., Tokyo Japan); the incident light was usually passed through a 700+16 nm interference filter (Nippon-Shinku-Kogaku Co., Tokyo, Japan). Early embryonic chick hearts were stained with a voltage-sensitive merocyanine-rhodanine dye (Dye XVII; Ross, Salzberg, Cohen, Grinvald, 1)avila, Waggoner & Wang, 1977; Cohen & Salzberg, 1978) , at 0 5 mg/ml. in the bathing solution for 15 min. The dye solution was prepared immediately before staining the tissue. The optical signals were displayed on an Addscope (ATAC-250, Nihon Kohden, Tokyo Japan) and/or Tektronix 5113 Dual Beam Storage Oscilloscope (Beaverton, Oregon U.S.A.). In most experiments, the oscilloscope was set to give a coupling time constant of 1.5 sec. For the experiments illustrated in Fig. 1 , the oscilloscope input was also AC coupled (time constant of 100 msec). In addition for analysis of rhythm, a continuous recording of the signals was made using an electrocardiograph recorder (Direct Writing Phonocardiograph, RS-200S, Fukuda Denshi Co. Ltd., Tokyo Japan).
RESULTS

Optical pace-maker potential
In the chick embryo, the first optical signal corresponding to an action potential is usually observed at the 7 somite developmental stage. Fig. 1 shows four examples of trains of optical signals recorded from the right ventricular region of 7-9 somite embryonic chick hearts stained with a merocyanine-rhodanine dye (Dye XVII). In these preparations, the heartbeat had not yet begun. As can be seen in this Figure, spontaneous action potentials recurred rhythmically by the 8 somite developmental stage. Furthermore, as early as the 7 somite stage, the beginnings of rhythmic spiking is apparent although the rhythmicity is not complete. Moreover, in the preparations demonstrated in Fig. 1 , size of each spike in the train are approximately equal suggesting that one detector is receiving light from either one active cell or one family of active cells electrically coupled with each other in the field of the optical recording.
In the 7-8 somite embryonic chick hearts, a non-specific pattern (symmetrical hanging bell-type) of the optical signal was usually detected. In addition to this 254 OPTICAL PACE-MAKER POTENTIAL . Trains of spontaneous action potentials recorded optically from embryonic hearts at four different early developmental stages. The preparations were stained with a merocyanine-rhodanine dye (Dye XVII). Top, at a later period of 7 somites; second row, at an early period of 8 somites; third row, at a later period of 8 somites; and bottom, at an early period of 9 somites. All the traces were obtained from the right portion of the ventricular region, and the field of optical recording was estimated to be 0-01 mm2. For the experiments illustrated in this Figure, the oscilloscope input was a.c. coupled (time constant of 100 msec). The measurements were carried out at 35-5 + 0 4 'C. The direction of the arrows to the right of the traces indicates a decrease in transmittance and the length of the arrows represents the stated value of the change in intensity divided by the resting transmitted light intensity. An interference filter with a peak transmission at 700 nm and width at half-height of 16 nm was used. These signals were eliminated if white light was used. At these stages, there was no heartbeat. E and L denote the early and the later period of a stated stage (somites). . The preparations were stained with Dye XVII, and the signals were detected with a 700+16 nm interference filter. Traces A and B were detected from right ventricular region in the preparations from the early period of the 8 somite developmental stage, trace C from near the right atrium at the later period of the 8 somite stage, and trace D from the right atrium at the early period of the 9 somite stage. The traces were obtained in a single sweep. Transmittance calibration bar is 0-8x 10-3 for A; 10-3 for B; l.Ix 10-3 for C; and 10-3 for D. Temperature, 37-5+0-3'C.
S. FUJII, A. HIROTA AND K. KAMINO pattern, occasionally, we detected cardiac and pace-maker type optical signals in preparations towards the end of the 8 somite stage.
We attempted to identify the developmental process in the configuration of pace-maker type optical signals. Fig. 2 illustrates four examples of optical signals recorded from 8 or 9 somite hearts. In this figure, trace A belong to type Ia' a 1O-
3. An example showing localization of pace-maker type action potentials and of cardiac type action potentials recorded from an embryonic heart at the early period of the 9 somite developmental stage. Pace-maker type action potentials (b, d) are located in the atrium region (AR, AL) and cardiac type action potentials (a, c) in the ventricular region (VR, VL). The preparation was stained with Dye XVII. Optical signals were obtained with a 700+16 nm interference filter. A light-guide of 4 mm of diameter was moved in the 33 x image plane so that the optical signal from a dyed embryonic heart could be recorded from the desired regions. The field of the optical recording encircled in this Figure is estimated to be 0-01 mm2. The drawing the embryonic heart (ventral view) was made by tracing a photograph. The traces were obtained in a single sweep at 38-3 'C. In this preparation, there were differences in frequencies of the action potentials between the right and left portions of the heart.
non-specific pattern (Fujii et al. 1981) . It is striking that the 'a type optical signals occurred rhythmically. Trace B exhibits a somewhat slow diastolic depolarization phase. The trace labelled C is a typical pacemaker type optical signals, which belongs to type II (Fujii et al. 1981) . Among the features to be noted are a marked diastolic depolarization and a rather slow upstroke. However, in both B and C, the distinction between the after potential and a diastolic depolarization was not obvious. In the 9 somite preparations, we occasionally obtained optical recordings in which the point of inflexion between the after potential and slow diastolic depolarization was unusually sharp. This type is illustrated in Fig. 2D . These pace-maker type optical signals were mostly delocalized between the 8 and the early 9 somite developmental stage. These results suggest that there exist 'primitively specialized pace-maker cells' located in all regions of the primitive heart even at these early developmental stages.
Regionalization of pace-maker potential As noted above, optical signals closely resembling pace-maker action potentials could be detected from various regions of the embryonic heart throughout the 8-9 somite developmental stages.
256
OPTICAL PACE-MAKER POTENTIAL In order to study the ontogenesis of a pace-making area or zone, we attempted to monitor the optical signals from various spatial locations. Two different patterns of optical signals in a dyed 9 somite embryonic heart were often obtained. A typical example is illustrated in Fig. 3 . Traces a and c are signals resembling cardiac type action potentials, which belong to Type III in the classification established previously 1 2 3 4 5 6 7 8 9 10
Demonstrations of a situation where some of the action potentials were coupled with contraction and some were not (A), and where all the action potentials were coupled with contraction (B). In A, action potentials (1, 4, 6, 8 and 10) are accompanied by a heartbeat denoted by b, however the action potentials denoted by 2, 3, 5, 7 and 9 are not. In B, the action potentials are all accompanied by heartbeats. Traces A and B were obtained with a 700+ 16 nm interference filter, and trace C with white light in the same preparation as in B. In C, the optical signals resembling the action potential are eliminated, and the optical changes are only due to heartbeats. The traces were obtained from the ventricular region in a single sweep. The experiments were carried out at 37-4+004 OC. (Fujii et al. 1981) . The cardiac type optical signals were obtained from the primitive tubular ventricle (VR and VL). Traces b and d exhibit optical signals with the characteristic shape ofa pace-maker action potential, and these could be detected only from the right (AR) and the left (AL) atrium regions which were not yet fused. In a preparation at the middle period of 11 somite developmental stage, the cardiac type optical signals were from the ventricular region while the pace-maker signals were from the atrium region of the 'straight tubular heart' (Patten & Kramer, 1933) .
These results indicate that the pace-maker activity begins to be localized in the atrium region at around the 9-10 somite developmental stages. S. FUJII, A. HIROTA AND K. KAMINO
Coupling of action potential and contraction
The primitive tubular heart of chick embryos begins beating spontaneously at about middle of the 9 somite stage. These initial contractions can also optically detected . At the time of initiation of the heartbeat, in a preparation stained with a voltage sensitive dye, the spontaneous optical signal described below falls into two components according to time course . Component 1, time course close to that of the spontaneous action potential. Component 2, time course slower than component 1 and close to that of the heartbeat.
The empirical criteria required to distinguish between components 1 and 2 were given in our previous paper ; component 1 is wave-length dependent, while component 2 is independent of wave-length and is detectable with white light (see the legend for Fig. 4 ). The two-component optical signal shown in Fig. 4 (traces A and B) demonstrates the action potentials accompanied by heartbeat in two preparations of 9 somite hearts stained with the merocyanine-rhodanine dye (Dye XVII). Trace A illustrates a train of optical action potentials that are partly accompanied by the heartbeat. In this preparation, the action potential-contraction coupling was very labile; some action potentials were and some were not accompanied by the heartbeat. We presume that this is a developmental stage in the formation of excitation-contraction coupling in embryonic cardiac muscle. In this case also, spontaneous rhythmicity of the action potential was maintained. Trace B demonstrates a train of action potentials each of which is coupled with contraction. Here the formation of the excitation-contraction coupling was completed. The rate of the heartbeat was completely governed by that of the action potential whose rhythmicity was developed earlier.
Stability of the spontaneous rhythmicity
Early embryonic chick hearts exhibit different rates of action potential generation at various stages. To study in more detail the stabilization of their spontaneous rhythm throughout the early stages of the development, the time-interval of optical action potentials in 7-9 somite hearts was measured. Fig. 5 illustrates the time-interval histograms of the optical action signals obtained from the right ventricular region in 7-9 somite embryonic hearts. These histograms were constructed from the 100 signals. This Figure shows more strikingly the developmental changes in the frequency of the action potentials and the generation of their rhythm. As shown in this Figure, in the 7 somite embryonic heart we obtained a relatively broad time-interval histogram with a mean of 2-3 sec. The mean interval shifted to 1-6 sec in the 8 somite embryonic heart, and to 1-3 sec at the early period of the 9 somite stage just before initiation of the heartbeat. In addition, the standard deviation of the time-intervals decreased, respectively, from 0-12 sec in the 7 somite preparation to 0 05 sec in the 9 somite. The data obtained from several preparations are also summarized as follows; the mean intervals were 1-89+0-14 sec (six preparations) for the 7 somites, 1-51 ±0-09 sec (nine) for 8 somites, and 1-06+0-15 sec (four) for 9 somites. It is likely therefore that the autonomic rhythms are regularly organized throughout the early phases of cardiogenesis. Furthermore, from the Fig. 5 . Time-interval histograms of spontaneous optical signals in four examples at different developmental stages from 7 to 9 somites. These histograms were obtained with 100 signals. The ordinate is the number of intervals in a given bin. Bin width is 0-1 sec. Temperature; 37-0 + 0.50C. histograms illustrated in Fig. 5 , it is apparent that there are signs of cardiac rhythmicity as early as the 7 somite developmental stage. Fig. 6 illustrates the time-intervals histograms of the beating in an embryonic heart at the early period ofthe 10 somite. The overall appearance ofthe histogram at around the time ofthe initiation ofheartbeat closely resembles that ofthe spontaneous action 9-2 260 S. FUJII, A. HIROTA AND K. KAMINO potentials obtained from the 9 somite embryonic heart illustrated in Fig. 5 . Hence it appears that the process of generation of the spontaneous rhythm in the action potential throughout the early phases of cardiogenesis results in organization of the rhythmicity of the initial contraction at the middle period of the 9 somite developmental stage. Fig. 6 . Time-interval histograms of heartbeats of an embryonic heart at the early period of the 10 somite developmental stage. The heartbeats were recorded optically with white light from the non-stained preparations. The ordinate is the number of intervals in a given bin. Bin width is 0 1 sec. Measurements were carried out at 36-6 'C.
DISCUSSION
The major points of interest in the present results are the demonstration of a pace-maker type action potential and its initial regionalization, and the rhythm generation in early embryonic hearts using an optical method of monitoring membrane potential.
(1) In embryonic chick hearts at the 7-8 somite developmental stages, although the optical signal usually exhibits a non-characteristic pattern (Type la) in the configuration, signs of rhythmicity were recognizable (Fig. 1) . These observations suggest that the electrically active cells already have their own intrinsic rhythmicity at the 7-8 somite developmental stages.
OPTICAL Generally, records from cells which are capable of functioning as pace-makers show a characteristic slow depolarization during phase 4 (Hoffman & Cranefield, 1976 ). The first occurrence of such a pace-maker type optical action potential at the 8 somite stage provides evidence for functional differentiation in the electrically active cells at this stage. Thus, it seems likely that the la type is a poorly developed pace-maker action potential and that the pace-maker potential might differentiate from the la type potential.
Such characteristics of the action potential at the 7-8 somite developmental stages are consistent with opinions that during the early stages of development not even one pace-maker exists (Patten, 1956) , and that there is no critical differentiation between pace-maker cells and monocytes, such as seen in the adult heart (Irisawa, 1978) . In addition, the non-specialized localization of the 'a and/or pace-maker type action potentials at the early stages appears to be similar to the so-called diffuse pace-maker hearts in invertebrates (Ebara, 1969) .
We were interested in knowing how early in the developmental stages spatial specificity ofthe pace-making area or zone can be identified. Utilizing a micro-electrode method, Meda & Ferroni (1959) observed a pace-maker type action potential in the sinus region of the heart of embryonic chick as 13 somites (42 hr) but such a potential was not detectable in the cardiac tube. Lieberman & DeCarvalho (1965) demonstrated a pace-maker type action potential recorded from the sinus venosus in the 72 hr chick embryo heart.
The results shown in Fig. 3 indicate that the spatial localization of the pace-maker type action potential has begun by the 9 somite developmental stage, corresponding to around 30 hr. The possibility exists that the pace-maker cells have been initially clustered in the primordia at the atrium level at around the 9 somite developmental stage, and, as the atrium primordia begin to fuse, pace-making areas which possess a higher intrinsic rhythmicity are incorporated into the developing heart. With further development, the pace-making cells of the atrium region probably become situated along the sinoventricular canal, and the pace-making cells of the sinoventricular canal region possibly become organized into nodes and bundles, yet do maintain their original relationship with the surrounding musculature, as Lieberman & DeCarvalho (1965) have discussed.
(2) We can learn more about the initial cardiac rhythm generation from the time-interval histogram of optical signals illustrated in Fig. 5 . This result strongly suggests that the spontaneous rhythmicity of heart cells is already generated at the 7 somite developmental stage, and that the rhythm organization is completed by the time of around the initiation of the heartbeat. In addition, it seems likely that such an early rhythm organization process is dependent on the development of electrical coupling among the active cells . The results of the histograms of the time-interval as shown in Fig. 5 clearly demonstrate an increase in the frequency of the action potentials from 7 to 9 somite stage. In general, the heart rate will be determined by the length of time required for the membranes ofthe active pace-maker cells to depolarize from their resting levels to the threshold for action potential discharge. This interval will depend on the amount of depolarization necessary to bring the membrane to threshold and on the rate at which the depolarization develops (e.g. Milnor, 1980) . Therefore, the frequency S. FUJII, A. HIROTA AND K. KAMINO of pace-making action potentials is determined by three parameters, level of resting potential, level of threshold potential and rapidity of the diastolic depolarization (Hoffman & Cranefield, 1976) . We think it is most likely that the increase in the frequency ofaction potential during embryonic development from 7 to 8 somite stages is caused by an increase in the rate of diastolic depolarization, resulting in a decrease in length of time required to reach threshold potential. Fig. 7 Fig. 7 . Demonstration of a situation indicating possible ways in which frequency of pacemaker discharge can be altered in early embryonic hearts. This trace exhibits decrease in frequency ofdischarge caused by slowing of the rate ofdiastolic depolarization resulting in an increase in the length oftime required to reach threshold potential, TP, for generation ofaction potential. Trace was obtained from a 9 somite embryonic heart. The measurement was carried out at 37-6 0C.
showing phenomenologically the correlation between time-intervals ofaction potential and rate of diastolic depolarization in the early embryonic hearts. This recording shows the increase in the time-interval caused by slowing of the rate of diastolic depolarization from the rate shown in a to that in b. This result is consistent with the hypothesis that the rate of depolarization controls the frequency. However it is still possible that an increase (i.e. becoming more negative) in the threshold potential results in an increase in the frequency of the action potential. The resting potential probably does not decrease (become less negative) with development since it was demonstrated that the mean transmembrane resting potential of myocardial cells increases during early embryonic development (Sperelakis & Shigenobu, 1972) .
As can be seen in Figs. 5 and 6, it is apparent that the rhythm of the initial heartbeat is governed by that of the action potential organized before the beginning of the contraction. Patten & Kramer (1933) reported that the initial contractions are still arrhythmic and interspersed with irregular rest periods. Johnstone (1971) also stated that in the initiation of contractions, the rate and rhythm are irregular. As shown in Fig. 4 , it is evident that such a arrhythmicity in the initiation of heartbeats arises from incomplete excitation-contraction coupling at around the time of the first contraction.
(3) As to the interpretation of the experimental data shown in the present work, we did not attempt to simultaneously monitor optical signals from different regions, therefore, the possibility remains that there are differences in rhythmicity or electrical synchronization among the different regions. Simultaneous recording from multiple regions is now underway using an increasing number of light-guides with photodiodes ).
